Patterns of differentiation between populations within a species can be examined using both molecular and quantitative data, with observed differences indicative of adaptation to local conditions. Pinus radiata D. Don (radiata pine) is a species of commercial importance in many countries but also listed as conservation dependent in its native range on the Californian coast and two off shore islands. This paper presents a comparative analysis of existing molecular data with new quantitative data from a large provenance/progeny trial in southeastern Australia.
Introduction
Quantitative and /or molecular differentiation (above or below a neutral rate) between populations within a species can imply adaptation to local conditions. Population structure and patterns of variation within a species can be examined using both molecular and quantitative data. Molecular markers, such as isozymes or microsatellites, are generally assumed to be neutral (McKay and Latta, 2002; Latta 2003) and not under direct selection. In contrast, quantitative traits, such as growth or tree form, may be subject to natural selection in native populations and to man-made selection in breeding programs.
One method for examining spatial differentiation is to calculate the proportion of total variance that occurs between populations: for molecular data this is labelled F st and the equivalent term for quantitative data is Q st (MCKAY and LATTA, 2002 ). Significant differences between these two measures of spatial differentiation are interpretable as due to selection. In general the larger the difference between F st and Q st the stronger the degree of local adaptation implied in that trait, and hence, the degree of inferred selection. If Q st is significantly greater than F st diversifying selection is implied whereas a significantly smaller Q st would imply stabilising selection (STEANE et al., 2006) .
Pinus radiata D. Don (radiata pine) is an important commercial plantation species, especially in the southern hemisphere, where it is planted on over 3 million hectares and in many countries. However, the native range of radiata pine is very small and limited to the Californian coast and two off shore islands. So, although the species is widely used for commercial plantations, within its native range it is listed as conservation dependent (LR /cd) under the IUCN and is dependent on conservation efforts to prevent it becoming threatened with extinction.
The native distribution of radiata pine is disjunct and limited to three separate locations along the central California coast and two islands off the coast of Mexico . The three Californian mainland locations, Año Nuevo, Monterey and Cambria, form discrete provenances separated by a minimum of 80 kilometres. The two remaining provenances are located on Guadalupe and Cedros islands and geographically isolated from the mainland populations and from each other. The existence of these island provenances was known in 1876 but only since the 1950s has it become clear that both are varieties of P. radiata. For example, the Cedros Island population was previously assigned to P. muricata (MILLAR, 1986; BURDON, BANNISTER et al., 1992) .
These island provenances are now designated as distinct varieties; P. radiata var. binata Engelmann for the Guadalupe population, and P. radiata var. cedrosensis (Howell) Silba for the Cedros island populations (MIL-LAR, 1986 ).
All five radiata pine provenances have clearly defined boundaries with very few outlying native trees . The geographic distribution of each provenance is closely linked to the band of summer sea fog that occurs along the coast due to moisture laden on-shore winds . However, the provenance locations do differ in climate (temperature and rainfall), elevation and soil type and therefore selective pressures would also be expected to differ. The central Californian provenance of Monterey occupies the largest area (3,800 ha), followed by the more southern of the Californian provenances, Cambria (900 ha) and then the more northern mainland provenance of Año Nuevo (450 ha) (ELDRIDGE, 1978) . The two island provenances have limited distribution with only approximately 220 mature radiata pine trees on Guadalupe Island occurring along the top of a ridge and no regeneration occurring due to grazing by goats (ELDRIDGE, 1978) . Two separate populations occur on Cedros Island, one along the central ridges of the island and the other 15 km away on ridges and cliffs at the northern end of the island (LIBBY, 1997).
Cedros Island was once linked to mainland Baja California and shares many of the same species of native plants and animals as the mainland sites (LIBBY, 1997). The origin of the Guadalupe provenance is less clear. Guadalupe is a volcanic island which appeared from the deep ocean floor about 7 million years ago . Relatively few species have colonised the island and P. radiata is presumed to have invaded the island some time in the relatively recent geological past. LIBBY (1997) speculates that the pines may have arrived as seeds in still-closed cones attached to floating logs which washed up on the island some time between one and four million years ago.
The genus Pinus is thought to have evolved in the mid-latitudes of Laurasia between 225 and 100 Ma (million years ago) during or before the Cretaceous Period of the Mesozoic Era MILLAR, 1997) . No fossils representative of the closed cone pines (subsection Oocarpae), which includes P. radiata, P. muricata and P. attenuata, have been found in early deposits and this subsection appears to have been more recently derived from the subsections Ponderosae or Australes in the mountains of Mexico in the early to mid Miocene (25-15 Ma) (MILLAR, 1997) . This area was part of an early Tertiary (65-34 Ma) refugium for pines and became an active centre for secondary radiation. The specific evolutionary history of P. radiata, interpreted for limited fossilised cones, suggests that Cedros provenance is probably the oldest and derives from an ancient mainland alliance ROGERS, 2002) . Cambria and Año Nuevo are considered the youngest populations, based on their larger cone size. Radiata pine fossils have been found over a wider area of California than the species currently occupies ROGERS, 2002) , suggesting that the current provenances are either remnants from a previously larger forest or, alternatively, that small discrete populations have existed throughout geological history, with the locations of these populations changing with time.
Variation between and within provenances of P. radiata has been subject to investigation and several seed collections have been undertaken across the native range. The most extensive was in 1978 (ELDRIDGE, 1978) and seed from this collection was used to establish a large number of provenance trials in several countries (see . Within this collection, the mainland provenances were divided into a number of populations and individual tree seed collections conducted on varying numbers of parents per population. Individual tree identity was also maintained for the island collections. In 1980 these individual family seedlots were planted together in a large provenance/progeny trial in Australia which has been assessed for a range of quantitative traits up to the age of 26 years (see RAY-MOND and HENSON, 2009) . Family seedlots from the island provenances were also planted in a separate trial which was assessed for a range of quantitative traits at age 24 years .
In general, the results of the provenance variation studies are in agreement, with each of the mainland provenances having significant and overlapping patterns of variation while the island provenances are often distinct (BURDON, 1992; BURDON, GASKIN et al., 1992; GARNIER-GÉRÉ et al., 1997; KIN-LOCH and LIBBY, 1997) . Overall it appears that the patterns of variation between the natural provenances are multi-dimensional with resemblance between provenances strongly dependent on the traits selected. For example, Monterey is often intermediate in phenotype between Año Nuevo and Cambria, e.g. in monoterpene composition and in the persistence of juvenile characteristics, however, Año Nuevo is intermediate between Cambria and Monterey for various cone characteristics (BURDON, 1992) . Año Nuevo and Monterey are most similar for resistance to needle-cast diseases such as Dothistroma needle blight (ADES and SIMPSON, 1991) and Diploidia-associated dieback (BURDON, 1992) and in resistance to Phytopthora cinnamomi (BUTCHER and STUKELY, 1997) however, Monterey appear less resistant to Endrocronartium harknessii (Western Gall rust) infection than both Año Nuevo and Cambria (KINLOCH and LIBBY, 1997) . Wood properties, in contrast to many pine species, do vary significantly between the natural provenances. For example, the island provenances have an approximately 10 % higher wood density in the first five rings from the pith than do the mainland provenances and, among the mainland provenances, Monterey and Año Nuevo have a higher average density than Cambria .
Seed from this collection has also been assayed for isozyme variation , and microsatellites were used to study variation amongst 20 year old trees in one of the provenance bulk seedlot trials (without family identity maintained). Similar to the quantitative studies, the molecular studies have indicated large, significant differences between the provenances, particularly between the island and mainland groups. The isozyme study also indicated little variability between populations within each provenance. Importantly, no relationship was found between population census size and level of genetic diversity.
While the a priori assumption that the five natural occurrences are genetically distinct is likely to be reasonable, this geographic classification may not accurately reflect the true underlying genetic structure of P. radiata as drift may not have had long enough to act or significant gene flow, via pollen migration, may have continued to occur. Violation of the assumption that geographic origin is a strong surrogate for genetic group affiliation would undermine interpretation of both molecular and quantitative studies. To counter-act this potential problem the microsatellite data from KARHU et al. (2006) was reanalysed using the Bayesian models implemented in STRUCTURE (PRITCHARD et al., 2000) . In this analysis we aim to estimate the number of genetic groupings (K) and to determine if these correspond to the number of observed geographic populations.
Once the validity of the geographic structure was clarified, two different approaches were used to examine structure within Pinus radiata:
1) a comparative study of F st and Q st estimates to investigate the role of drift and selection in shaping the differentiation between the populations for breeding traits.
2) Population clustering based on both quantitative and molecular data These two approaches were used as analyses of population structure using F st and Q st may provide conflicting results (MCKAY and LATTA, 2002) , and Q st values may differ between different traits (LATTA, 2003) . This dual approach is supported by a recent analysis by MILLER et al. (2008) which indicated the potential for a strong correlation to occur between Q st values and the Q st -F st difference, with this being more problematic if quantitative traits exhibit large phenotypic variation. In the current study we use new quantitative data collected from the 1980 provenance/progeny trial planted at Batlow, NSW and previously published microsatellite marker data from a provenance trial from the same 1978 collection but planted in Canberra, ACT, and isozyme data from seeds of the same collection.
Materials and Methods

Genetic material and field site
Four hundred and sixty individual family seedlots from the 1978 seed collection (ELDRIDGE, 1978) were planted in 1980 with a local seed orchard control in a large provenance /progeny trial in Green Hills forest, south west of Tumut (latitude 35°17', longitude 148°13', altitude 302 m) on the south western slopes of New South Wales. Full details of trial design and tree growth and form assessments are in and wood density and stiffness assessments in . In summary, the trial was planted using an incomplete block design with 7 replicates and 4 tree row plots.
All trees were measured for total height in 1983 and 1988, diameter over bark at 1.3 m above ground (DBH) in 1988 and 2006 and in 2006 trees were also scored for straightness (1 = crooked to 6 = straight), branch angle (1= steeper than 45° to 3 = less than 45°, tending to flat) and nodality (1 = uninodal, 2 = low or uneven nodality, 3 = moderately nodal and 4 = highly multinodal). At age 26 years, a subset of trees was sampled for wood density (pith to bark in 5 ring increments) and standing tree acoustic velocity . Population means and heritability for each growth and form trait are presented in Table 1 and wood density and acoustic velocity data is in Table 2 .
Families from the island provenances were also established in 1982 in a separate trial in Buccleuch forest, northwest of Tumut. Thirty four families from Cedros provenance and 44 families from Guadalupe provenance were planted as single tree plots in a randomised complete block design. Full details of trial design and assessment are in . Data collected from both the Green Hills and Buccleuch trials were used to calculate between provenance Q ST values for a range of traits. 
Validation of geographic provenances
The microsatellite data from KARHU et al. (2006) was reanalysed using the Bayesian models implemented in STRUCTURE (PRITCHARD et al., 2000) to estimate the number of genetic groupings (K). Unlike prior analyses of this data, individual trees are not assigned to populations a priori and the optimal number of genetic groups (K) is estimated based purely on co-ancestory.
As the characteristics of the input data set have been shown to have significant effects on the power and reliability when estimating K (PRITCHARD et al., 2000; ROSEN-BERG et al., 2001; ROSENBERG et al., 2003; ROSENBERG, 2005; ROSENBERG et al., 2005) some discussion of the input data set is warranted. Missing data do not appear to significantly affect the result of clustering, if the misses are not too frequent or systematic. The average amount of missing data in the data from KARHU et al. (2006) across all loci is 8.3 %, with the maximum missing data being 19.2 % for locus Pr-048 and the lowest 1.3 % for Pr-001 so missing data are unlikely to cause any major anomalies in this re-analysis. Inbreeding and the presence of genotyping errors (including incorrectly assigned null alleles) can lead to overestimation of K especially for models that allow admixture within individuals and also assume correlated allele frequencies between clusters (PRITCHARD et al., 2002) . The Cedros Island population shows some evidence of long term inbreeding . Otherwise, levels of inbreeding are low in P. radiata and it can be considered to be an outcrossing species . The data set has three loci (Pr161, Pr060-2 and Pr011) for which null alleles were inferred with frequencies greater than 10 % over all populations. All other loci had null allele frequencies of less than 5 %. The presence of null alleles was confirmed at these loci by genotyping haploid megagametophyte tissues ; however, the loci with large numbers of null alleles may still be those with a significant number of genotyping errors.
Separate simulations across a range of K (K = 1 to K = 10) indicated that exclusion of the loci Pr060-2, Pr011, with their high level of inferred null alleles, gave more stable simulations [smaller variance in lnP(D) between runs] and individual assignments that were less symmetric at higher K. All subsequent analyses were conducted without these markers included.
Simulations for K ranging from 1 to 10 were run assuming no individual admixture and independent allele frequencies between clusters (NA/Ind), admixture with independent allele frequencies (A/Ind) and admixture with correlated allele frequencies (A/C). At least five simulations were conducted for each K under each set of assumptions. Run lengths were generally 200 000 iterations as a burn in followed by 500 000 iterations used for estimation of log P(K/X). Shorter simulations led to very high variance in estimates of log P(K/X) at K > 5. For K = 5 and 6 for the model A/C runs were made with 200 000 burn in and 3 000 000 MCMC in an attempt to better estimate the posterior probabilities. Analysis otherwise generally follows the procedures and recommendations outlined in PRITCHARD et al. (2000) and ROSENBERG et al. (2001) . The number of iterations gave approximate stationarity for the estimated parameters within a simulation, although with K > 5 there was increased variance between estimates of log P(K/X). In general all runs at the same K had a similar, and not significantly different, likelihood of being correct (tested by likelihood ratio test) and therefore all simulation results at each K with the same likelihood were averaged for use in calculations of estimated posterior probabilities.
Data analysis and Q ST calculation
Pairwise between-provenance Q ST estimates (and their standard errors) for all provenance combinations were calculated with the data from the Green Hills trial using ASREML (GILMOUR et al., 2002) and fitting a * From the Buccleuch trial containing only the island provenances. additive is the additive (within provenance) variance which, assuming a half sib relationship, is equal to 4*family variance component. Within-provenance Q ST estimates (and their standard errors) were calculated using a similar model, fitting location within provenance and family as random terms.
Population cluster analysis
1) Quantitative data
Best linear unbiased predictors (BLUPs) for provenances and population means were estimated by fitting the following model:
with Rep treated as a fixed effect and ICB and Population as random. The population BLUPS for growth, tree form, wood density and acoustic velocity plus survival at Green Hills were used as input data to form a similarity matrix for the mainland provenances. The poor survival of the island provenances in the Green Hills trial at age 26 years (less than 15 %) prevented a comparison of all provenances across all traits. However, the early growth data (to age 8 years) was considered valid as survival of all provenances except Cedros was above 90 % . A separate similarity matrix was formed using height and diameter growth to age 8 years to allow for comparison amongst the provenances and with the control seedlot. Clustering was done using the single link method with results presented as dendrograms.
2) Molecular data
Pairwise between-provenance F ST estimates ( 
Results
In all STRUCTURE models the highest posterior probabilities were assigned to K of 5 or 6. In all models the best predicted genetic clusters were congruent with the geographic origin indicating that geographic origin serves as a reasonable surrogate for estimating genetic group affiliation. The most mixed population appears to be Monterey and the least mixed and best identified clusters were the island populations. Overall the models with A/Ind fitted the data better for the same K over either models NA/Ind or A/C. For A/Ind models the most probable estimate for K was 6 [P(X/K = 6; 100 %)]. For A/C models both K = 5 and K = 6 returned estimated posterior probabilities appreciably greater than zero [P(X/K = 5; 81%, P(X/K = 6; 19 %)]. The variance in run results at these two K for the A/C model indicated that stationarity had not been reached for 500 000 MCMC. Extra simulations with 3 million MCMC for K of 5 and 6 gave the same results as the averaging across multiple shorter runs. For NA/Ind and A/Ind runs with K = 5, a non-geographically defined cluster was observed prior to the separation of the geographically expected clusters that correspond to Monterey and Cambria occurrences (light blue in Figure 1 ). The lack of fully assigned individuals in the non-geographically defined cluster and the different order of cluster separation between models indicated that this cluster may represent an artefact arising from inference of null alleles or other potentially structured genotyping errors within the data set. Overall, geographic origin appeared to serves as a reasonable surrogate for estimating genetic group affiliation.
Pairwise provenance values for F ST and Q ST (Table 3) indicated that the two different types of molecular markers produced similar F ST values for most comparisons. However, large differences were apparent between the F ST and Q ST values for some provenance comparisons, particularly those involving the island provenances. Comparisons amongst the mainland provenances yielded very different results to comparisons between the mainland and the islands. Almost no difference was detected between Año Nuevo and Monterey, with all values for F ST and Q ST being below 0.06. In contrast, the island provenances were distinctly different to all the mainland provenances, with F ST values ranging 0.07 to 0.22 and Q ST from 0 to 0.84. The island provenances were also different to each other, with Q ST values ranging from 0 for stem form traits to >0.5 for height growth at ages 3 and 8 years.
Amongst the mainland provenances an age related trend was apparent for Q ST values of growth traits in comparisons between Cambria with Año Nuevo and Monterey. For comparisons between all three mainland provenances, the Q ST for growth up to age 8 were similar to, or lower, than the F ST for either isozymes or microsatellites (Table 3) , indicating either little selection or that weak purifying or balancing selection was slowing the divergence of phenotype between populations. However, at age 26 the Q ST for diameter increased dramatically for comparisons between Cambria and the other two provenances. While it is possible that this indicated directional selection it may have also arisen from inflation of the Q ST values by between family competition effects within the field trial with the slower growing Cambria trees being out-competed (see Table 1 for mean values).
In the Green Hills trial, the island provenances also suffered from major competition effects after age 8 with the number of surviving trees rapidly declining until less than 15 % are alive at age 26 years ( Table 1) . Q ST values calculated for the age 26 data for the island provenances were also doubtful as the remaining sample size within the island provenances was too small to be truly representative. However, Q ST the values for early growth were better supported and indicated that, at ages 3 and 8 years, Q ST values were much larger than the F ST values ( Table 3 ). This may indicate that directional selection is driving differentiation in growth traits faster than the underlying differentiation is occurring. The difference between the two island provenances was also large, and often larger than the difference between the islands and the mainland provenances, particularly for height growth. The poor survival of the island provenances in the Green Hills trial made it impossible to screen these provenances for wood quality and therefore Q ST comparisons for these traits were not calculated.
Within the mainland provenances, little differentiation between populations was apparent, either for the F ST from isozymes or the Q ST values for tree growth and form traits (Table 4) . For Año Nuevo and Monterey the Q ST values were similar to, or lower than the F ST values, for most traits, again indicating selection slowing phenotypic divergence relative to molecular divergence. Within Cambria, the F ST value was much higher than most of the Q ST values; the only exceptions being for diameter and nodality at age 26 years and density in the inner most segment. The provenance clustering diagrams for isozymes (Figure 2) , microsatellite data ( Figure 3) and early growth quantitative traits (Figure 4) indicated the island provenances to be distinctly different to all mainland provenances for all data sets. No differences were apparent amongst the mainland provenances for the early growth data (Figure 4) , however, for the molecular data the allegiances amongst the mainland provenances appeared to differ, with KARHU et al. (2006) analysis of the microsatellite data indicating that Monterey and Cambria were the closest pair, whilst the isozymes and quantitative data indicate that Monterey was closer to Año Nuevo. The re-analysis of the microsatellite data ( Figure 5 ) indicated that Monterey is the most mixed provenance, with individuals having allegiance to both Cambria or Año Nuevo to be found. While this mixing may be the consequence of continued pollen flow or from incomplete drift (or both), the presence of ancestry from all three genetic groupings in Monterey may explain why the molecular studies differ in their grouping of the mainland populations.
Within the mainland provenances, the clustering of the populations differed between the isozyme data (Figure 2 ) and the quantitative data at age 26 years ( Figure  5 ). For both data sets Cambria is identified as being distinctly different to the other two provenances, with 03-1 (Pico Creek) being the most unrelated, especially for the quantitative data. Within Monterey, all populations appeared closely related for both the isozyme and quantitative data sets with 02-5 and 02-6 being the most closely related populations in both data sets. Interestingly, Figure 4 also indicated that, based on the early growth data, the local control seedlot is distinctly different to all of the mainland provenances. This difference clearly demonstrated the effectiveness of the adaptation of the landrace material and its subsequent selection for performance in the Australian environment. The affiliation of the landrace material was unclear and the only viable means to determination its origins are molecular approaches. Based on the isozyme work the origin of the local Australian landrace is currently believed to be sourced from Monterey and Año Nuevo (MORAN and BELL, 1987) .
Within Año Nuevo there are major differences in the clustering of populations. The isozyme and early growth data indicated that all the Año Nuevo populations cluster together, separated from the other mainland provenances. However, for the age 26 year data both 01-3 (inland south Swanston) and 01-4 (Inland northern) clustered with the Monterey populations. At this stage no molecular studies have sufficient data to investigate sub-provenance genetic structure in an unbiased manner and therefore it remains to be seen if there is true genetic differentiation at the sub-provenance level or not.
Discussion
Both the molecular and quantitative data support the hypothesis that the native provenances of Pinus radiata # Estimated proportion of gene differentiation between ecological stands from MORAN et al. (1988) . Figure 2. -Clustering dendrogram for unweighted pair group analysis based on Nei's genetic distance and using isozyme data from native provenances (from MORAN et al., 1988) . AN = Año Nuevo, MO = Monterey, CA = Cambria, GU = Gua dalupe, CE = Cedros. Raymond et. al.·Silvae Genetica (2010) 59-6, 289-298 form two groups, with the island provenances being distinctly different to the mainland provenances. Based on the molecular data the island provenances are also very different to each other. These differences were not apparent for tree growth and form traits where the island provenances are indistinguishable except for early height, where very strong differentiation is apparent ( Table 1 ). The two island populations are however, strongly differentiated from each other for the wood properties; wood density and acoustic velocity ( Table 2) and display different patterns of change in density from pith to bark . The patterns of phenotypic differentiation of the island provenances for these wood traits are consistent as well as being greater than observed for the molecular data, indicating the possibility of directional selection. This differentiation at both the molecular level and phenotypic level is not surprising given the predicted long term isolation of the island provenances from the mainland and also their isolation from one another. The possibility for selection to be driving differentiation for the growth and wood property traits between the islands and the mainland (and between each other) is also a reasonable proposition as the provenances on both islands occur in distinctly different environments. Based on fossil remains and inferred evolutionary history, Cedros is believed to be the oldest provenance deriving from an ancient more southerly located mainland alliance. The isozyme and microsatellite data KARHU et al., 2006) support this assertion with Cedros always clustering as the most distant of the provenances, and being quite distinct to the other populations.
The origin of the Guadalupe provenance is also of interest as this location is a volcanic island that has never had any connection to the mainland. The isozyme analysis of MORAN et al. (1988) suggested the Guadalupe provenance has close genetic similarity to the mainland provenances, and the level of genetic diversity is consistent with the recent colonisation of the island by a number of individuals. This contrasts with the microsatellite data of KARHU et al. (2006) where Guadalupe is the most distinct of the provenances. The quantitative data also suggests that Guadalupe is quite distinct from all mainland provenances.
Given their geographic proximity, the mainland provenances and populations could be considered to meet the assumptions of drift-migration equilibrium (MERILÄ and CRNOKRAK, 2001) . Hence comparison of results within and between these populations is of interest. Two of the provenances appear almost identical, whilst the third (Cambria) diverges. The similarity of Monterey and Año Nuevo provenances for both Q ST and F ST values, and the lack of large differences between populations within these provenances indicate that the degree of differentiation is low, and is similar for both the molecular and quantitative traits. This is somewhat surprising as it indicates a lack of directional natural selection acting on the tree growth, wood density and stiffness (measured using the surrogate of acoustic velocity) quantitative traits. As the resolution of these studies is at the provenance level it may still be possible that selection is acting within provenances in response to the different clines in climate and soil types within these two provenances but this differentiation was not detected. Geographically Monterey and Año Nuevo provenances are the closest together and gene flow between and within provenances may still be occurring.
The third provenance, Cambria, appears to be more distinct with both the F ST and, particularly, the Q ST values for diameter at age 26 years being larger. Again however, there is little support for directional selection force operating as the F ST and Q ST estimates are very similar. Interestingly, there is less differentiation in Q ST compared to F ST for the wood property traits among the mainland provenances. This may indicate that there is selection acting to constrain differentiation between these populations. The cluster analysis of the early growth data indicated that the local control seedlot is distinct from the mainland populations. It also had the highest survival and best growth (Table 1) . This seedlot was collected from a seed orchard established using plantation selected plus trees in Australia (JOHNSON et al., 1997) . The origin of this local Australian population is believed to be Monterey and Año Nuevo (MORAN and BELL, 1987 ). Yet, the cluster analysis indicates that the control appears different to all three of the mainland provenances. RAYMOND and HENSON (2009) discuss possible reasons for the superiority of the Australian seedlot including natural selection to the local environment, lack of "neighbourhood inbreeding" effects present in the native stands and heterosis from crosses between the Monterey and Año Nuevo progenitors. Inbreeding was discarded as a possible reason due to the large population size of these native provenances, the fact that the species is wind pollination and the published low estimate for the average inbreeding coefficient within these populations (see Table 5 ). For the heterosis theory to have merit, these two provenances must differ is some essential way. Yet both the Q ST and F ST values, plus all the cluster analyses, appear to indicate that this is not the case, with these two provenances appearing to be almost identical. Which leaves the first option, of natural and artificial selection to the local environment, as the only viable explanation for the superiority of the local seedlot.
A couple of issues relevant to the comparison between Q ST and F ST values also need to be raised. The first is that most published estimates for both Q ST and F ST are point estimates, in that they are done at a single point in time. As a field trial ages, the patterns of spatial autocorrelation alter as the level of between-tree competition increases. This leads initially to increasing suppression of neighbouring trees and then to mortality in suppressed trees. It is worth asking what effect does this have on Q ST ? Do we expect the same estimates if we sample the same populations at different stages in their development, for example as seeds and adult trees? The changes in Q ST we observed between different ages within this trial indicate that these estimates are not static. We proposed that these changes are being driven by the confounded temporal stand-based changes such as increasing suppression of the Cambria families. Such temporal changes are also observed in the estimates of heritability for many of the traits which provided some support to this proposition. We can similarly ask would F ST be expected to change with developmental stage? While the answer here is maybe a more definite "no", as the molecular markers are assumed to be neutral, it may be worth pondering if inbreeding levels are changing due to selection against inbred individuals during stand development. The inbreeding levels within the mainland populations are estimated to be very low (Table 5 ) and while inbred individuals from different populations may perform differently under competition, the low rates of inbreeding indicate that this may not be a significant source of error. The two islands have higher levels of inbreeding (Table 5 ) but, as all individuals appear to suffer almost complete suppression the effect of differential survival of estimates of F ST may also be minimal or non-existent.
Another related issue is that, in general, quantitative data appears to be collected at only one location (see review by MERILÄ and CRNOKRAK, 2001) , as it was in the current study. Therefore the Q ST data should be considered site specific. Yet, previously published results from provenance trials in P. radiata across a wide range of sites (see ) indicate genotype by environment interaction can be present for growth traits, with Año Nuevo being the most interactive provenance. The island provenances are always the poorest for height or diameter and Monterey is generally the best and Año Nuevo grows well on high growth sites but very poorly on low growth sites in NSW (JOHNSON et al., 1997) and New Zealand (BURDON et al., , 1998 . So, while providing some evidence that selection has driven differentiation between provenances in radiata pine, this study also raises significant issues that affect both the interpretation of these data and the design of any future studies. These include questions such as -What effect would this genotype by environment interaction have on the perceived genetic structure of the species? Could genotype by environment interactions be so large as to alter the ranking of the mainland provenances or only be sufficient to affect the strength of the inter-connections? Would estimating Q ST over a number of sites act as a form of sensitivity analysis for the structure? Unfortunately these ideas can not be tested for P. radiata as none of the other existing provenance trials have individual family structure maintained.
